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Abstract 

Vacuum structure and related phenomenological features are investigated in /i-problem 
solvable supersymmetric extra U(l) models. We present a framework for the analysis of 
their vacuum structure taking account of an abelian gauge kinetic term mixing, which can 
potentially modify a scalar potential and gauge interactions. Applying this to data 
of the precise measurements at LEP, we constrain an allowed region in a space of Higgs 
vacuum expectation values based on consistency with potential minimum conditions. We 
hnd that such a region is conhned into rather restricted one. Bounds on masses of an extra 
U(l) gauge boson and the lightest neutral Higgs boson are predicted. Renormalization 
group equations for gauge coupling constants and gaugino soft masses in an abelian gauge 
sector are also discussed in relation to the gauge kinetic term mixing in some detail. 
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1 Introduction 


Although the standard model (SM) has been confirmed in incredible accuracy through 
precise measurements at LEP, it is still not considered as the fundamental theory of 
particle physics and its various extensions have been proposed. One direction of such 
extensions is supersymmetrization of the SM from a viewpoint of gauge hierarchy problem. 
For this problem it is now considered as the most promising extension of the SM |l|. 
Another direction is the extension of gauge structure and it is represented by GUT models 
like SU(5) and SO(IO). Among such extensions the simplest one is an addition of an extra 
U(l) factor group to the SM gauge structure. It is an interesting aspect of this extension 
that this kind of gauge structure often appears in the low energy effective models of 
perturbative superstring [Q]. 

Even in the supersymmetrized models a theoretically unsatisfactory feature remains 
from the viewpoint of naturalness. This is known as a /i-problem . The supersymmetric 
SM has a supersymmetric Higgs mixing term ^HiH 2 - In order to induce the weak scale 

_1 /o 

correctly, we should keep fi ~ 0(0p ' ) by hand, where Gp is a. Fermi constant. On 
the other hand, in the supersymmetric models a typical low energy scale is generally 
characterized by a supersymmetry breaking scale Ms in an observable sector. There is 
no reason why /i should be such a scale since /i parametrizes a supersymmetric term and 
then it seems rather natural to take it as a cut-off scale like Mp\. 

A reasonable way to answer this question is to consider an origin of fi scale as a result 
of supersymmetry breaking |Q. One of such solutions is an introduction of a singlet 
field S and replace 11 H 1 H 2 by a Yukawa type coupling XSH 1 H 2 0. If S' gets a vacuum 
expectation value (VEV) of order 1 TeV as a result of both supersymmetry breaking and 
radiative corrections to soft supersymmetry breaking terms /i 0{Gp^^‘^) will be 
dynamically realized through /i = A(S). It is noticable that the models extended by an 
extra U(l) symmetry which is broken by a SM singlet field S can have this feature [7 - 
12]. The existence of this U(l) can also make it free from the tadpole problem usually 
unavoidable in the models with gauge singlet Higgs scalars. Thus the supersymmetric 
SM extended with an extra U(l) symmetry can be considered as one of the simplest and 
most promising extensions of the supersymmetric SM. This kind of models have various 
interesting features and their phenomenological aspects have been studied by various 
authors [7 - 12]. 
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It is worthy to note that the extra U(l) models can have an another interesting feature. 
In principle, there can be a kinetic term mixing among abelian gauge helds because their 
held strength is gauge invariant. A decade ago it was suggested that such a mixing might 


appear in suitable unihed models and also in the effective theory of perturbative 
superstring HI^, pAl . Following these works, in the supersymmetric models extended with 
an extra U(l), the running of gauge coupling constants H and also the effects on the 


electroweak parameters due to this mixing have been studied. Recently the relation 
of the kinetic term mixing to the leptophobic property and the electroweak parameters 
has also been intensively studied in Eg inspired extra U(l) models |R 
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In supersymmetric models gauge helds are embedded in the vector superhelds. This 
means that the similar ehect appears also in other component helds contained in the vector 
superhelds, that is, gauginos and auxiliary helds D. Recently, it has been shown that 
gauge kinetic term mixing can cause additional interesting ehects in various phenomena 


through the neutralino sector [^T], However, there still seems to remain an unstudied 
interesting aspect due to the modihcation of D helds related to the vacuum structure. In 
this paper we investigate its ehect on the scalar potential and the gauge interaction sector 
to examine the vacuum structure of such models. As one of its results, we can predict the 
bounds for masses of an extra neutral gauge boson and the lightest neutral Higgs boson. 

The organization of this paper is as follows. In section 2 we review general features of 
physical ehects of the gauge kinetic term mixing in the models with U(l)aX U(l);, gauge 
symmetry from various points of view. In section 3 we introduce the /i-problem solvable 
extra U(l) models studied in this paper. In section 4 the discussion in section 2 are applied 
to formulate a framework for the study of a vacuum structure of the models in the basis of 
both the results of precise measurements at LEP and the potential minimization. Using 
numerical analysis based on this framework we constrain an allowed region in a space 
extended by the Higgs VEVs. We also discuss the mass bounds of the extra neutral gauge 
boson and the lightest neutral Higgs boson. Section 5 is devoted to the summary. In 
an appendix we review the derivation of the electroweak parameters in the extra U(l) 
models. 


2 Kinetic term mixing 
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2.1 General feature 


At first we review the general features of gauge kinetic term mixing in the case of U(l)aX 
U(l)b model [0. This is also aimed to £x various notations used in the following argu¬ 


ments. The Lagrangian considered here is written as 


r — _pa 


1 pbfJ,u pb 
4 


smx 




( 1 ) 


where sin x parametrizes the gauge kinetic term mixing. 

A covariant derivative is dehned as — ig^QaA^^ — ig^QhA^^. We can change 

this Lagrangian into the one written in a canonically normalized basis by resolving this 
mixing in terms of the following transformation, 


/ 


/ 


A“ I _ / 1 -tany 
V j \ 0 l/cosy 

The resulting Lagrangian can be expressed as 


Aa 

K 


( 2 ) 


C = + \D^4>? + (3) 


Now the covariant derivative is altered into 


WaQaA^ i {gabQa T 9bQb) 


( 4 ) 


where 

gO 

9a = gl, ^afe = -^atanX, (5) 

cosy 

Physical phenomena should be considered by using this new Lagrangian. The mixing 
effects are conhned into the interactions between the U(l)b gauge held and matter helds. 
In this new Lagrangian a gauge coupling constant gh is varied from the original one and 
also a new off-diagonal gauge coupling gab appears. 

Here we should note that Eq. (2) is not a unique choice of the basis which resolves 
the mixing. There is an additional freedom of the orthogonal transformation. Another 
useful basis (A“, A^^) is related to the basis (A“, A^^) by the orthogonal transformation. 
By hxing the dehnition of charges {Qa,Qb) of U(l)aX U(l)6, these bases are related by 
the orthogonal rotation as follows, 


/ 

V 


A. 


Ah 


( 

cos 9 
^ sin 6* 


— sin 6 
cos 9 


Ah 




4 











( 6 ) 


/ \ 



i 

9a 9ab 

= 

9a 9ab 


^ 0 gb ^ 


^ 9ab 9b ! 

\ 


COS 6 sin 6 

- sin 9 cos 9 

We call this new basis as the symmetric basis hereafter. Under this basis the covariant 
derivative is represented as 


D^ = d^ 


i i^QaQa “ 1 “ 9baQb) -^n i {^QabQa “ 1 “ QbQb') 


These changes induced by resolving the mixing can bring various effects on the low 
energy phenomena. A typical example of such effects is a radiative correction to gauge 
coupling constants. For the study of the running of abelian gauge coupling constants, these 
effects should be taken into account. In the present model the one-loop renormalization 


group equations (RGBs) for these couplings generally take a 2 x 2 matrix form [|Ig . If we 
use t = InM/Mo where M is a renormalization point, these can be written as 

/ 


A 

dt 


9a Qab 
9ba 9b 


9a 9ab 

9ba 9b 


Pab 

Pab Pb 


(7) 


in the symmetric basis. On the other hand, using the basis taken in Eq. (4), RGEs are 
expressed as |TB|, 


d 

dt 


9a 9ab 

0 9b 



The rotation angle 9 in Eq. (6) changes with the energy scale as 

r]0 - 1 _ _ 

— = (3ab COS 29 + -{f3a- (3b) sin 29. 
dt 2 


( 8 ) 


(9) 


Although /3-functions in Eqs. (7) and (8) depend on the matter contents in a considering 
model, their general forms in the symmetric basis can easily written down []^ . 

In connection with the running of gauge coupling constants it will also be useful to 
comment on the relation between the charge normalization and the initial condition for 
RGEs study. In the usual unified models based on a simple group, there is no kinetic term 
mixing at the unification scale Mu among its low energy abelian factor groups. However, 
their kinetic term mixing can appear at the lower energy region through the multiplets 
splitting due to the symmetry breaking at the intermediate scale In this case if we 
assume a unified coupling constant to be gu, the abelian charges may be normalized at 
the unification scale as usual. 


gfj = gl^M Qi = ^Tr Qf. 


( 10 ) 
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On the other hand, if we consider the models derived from superstring the kinetic term 


mixing can occur even at the string scale or unihcation scale Mu |114|, hq] . In that case 
Eq. (10) should be modihed asQ 


gl = glM Ql = 


aWb 


rTr Ql 


( 11 ) 


9 ah + 9l 

where we substitute the relations (5) into Eq. (10). This equation shows that the initial 
values of gauge couplings can be shifted. Usually charges are normalized as TrQl = TrQ^ 
and thus g^ = g^ is satished. However, Eq. (11) shows ga < gb even at Mu as a result of 
the kinetic term mixing due to some dynamics above the string scale. 

In this model an additional mass mixing between and also generally appears 
after spontaneous symmetry breaking of U(l)aX U(l)6 due to some VEVs of suitable 
Higgs scalar helds. This mixing can be resolved by the orthogonal transformation 


/ 




cos ^ sin ^ 
— sin ^ cos ^ 


I 


A^a 


If we write the mass matrix as 


/ 


m„ 


mlb 


m 


ab 


the mixing angle ^ can be written as, 

tan 2^ = 


mt 


-^rnlb _ 

ml — ml 


( 12 ) 


(13) 


(14) 


2.2 Supersymmetric extension 

We now consider a supersymmetric extension [Q of the discussion in the previous subsec¬ 
tion. In that case gauge helds are extended to vector superhelds 

Uwz(x, e, 6) = + mF\ - mex + Ueem, (is) 

where we use the Wess-Zumino gauge. A gauge held strength is included in the chiral 
superheld constructed from Vvvz in the well known procedure, 

w^{x,e) = (55)zi„Uwz 

_ = AiX^-Ae^D + - d^V^) - AeOa^^^d^Xl (16) 

^ In the definition of siny in Eq. (1) the diagonal part is assumed to be canonically normalized. If 
there are also some corrections to them, these effects should be taken into account in the initial conditions 
(11) of the coupling constants at the unification scale 
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Using these superfields the supersymmetric Lagrangian can be written as 

c = ^ + ($texp(2(7oQUwz)$)^ , (17) 

where <h = {(j),ip,F) is a chiral superfield which corresponds to a matter field. It is con¬ 
venient to present a component representation of each term for the following arguments, 

^ (is) 

exp(25(o(5Vwz)*h)^ = - i -h goQctfDcl) 

+i\/2gQQ + \F\'^, (19) 

where is an original covariant derivative. 

If we take account of this Lagrangian, the introduction of the gauge kinetic term 
mixing is straightforward for U(l)aX U(l)fe model. Supersymmetric gauge kinetic terms 
are obtained by using chiral superfields IU“ and lU^ for U(l)aX U(l)b as 

1 +1 (w'^w‘)^ + . ( 20 ) 

These can be canonically diagonarized by using the supersymmetric version of the trans¬ 
formation (2). In the supersymmetric case this transformation affects not only the gauge 
field sector as Eq. (4) but also the sector of gauginos Aa,b and auxiliary fields Da,b- These 
effects can be summarized as 

9aQa^'^ + 9bQb^ = 9aQa^^ + {9abQa + 9bQb) , 

glQai)^ + glQbi)^ = 9aQaD^ + {9abQa + 9bQb) D\ ( 21 ) 

where Aa,6 and Dafi are canonically normalized fields. New gauge coupling constants are 
represented by Eq. (5). From these formulae we can extract various physical results. 
Equations of motion for the auxiliary fields Da^b can be easily derived as 

Da = -T. 9aQim\ Db = -Y. {9abQ: + 9bQl) 10*1'. (22) 

i i 

The D-term contribution to the scalar potential is expressed as Vd = so that 

the kinetic term mixing can clearly affect the vacuum structure of the model. When we 
introduce the Fayet-Iliopoulos D-terms + ^bDb to the original Lagrangian, the above 
expressions for the auxiliary fields Da^t will be modified as, 

D,^D,-(^a^-^b%]. (23) 

V 9 a 9V 
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If we substitute this modification into the scalar potential, the D-term contribution to the 
scalar potential is obtained as 


Vd 



, 9^a 9b / 
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where Da^b have the same form as the ones of no kinetic term mixing, 


(24) 


D„ = T.S°QM" + L, Dt = J2s°Q'M" + ^i,- (25) 

i i 

The minimum of the D-term contribution is Da = Db = 0, which equals to the one in 
the case of sinx = 0. However, the minimum of the total scalar potential including an 
F-term contribution is expected to be modihed. Although we donot consider anomalous 
U(l) models here, this also may have an interesting effect on such models. 


2.3 RGEs of abelian gauge sector 


The RGEs for the abelian gauge sector are affected by the kinetic term mixing like non- 
supersymmetric case. Here we should add some arguments on the RGEs of gauge coupling 
constants and gaugino masses. In the supersymmetric case we can write down the concrete 


form of one-loop RGEs for gauge coupling constants in a compact form 


dgq 

dt 

dQab 

dt 

dgb 

dt 


_„3 o 

lQj^29a^a,a, 

{Sabddaa + ‘^gab9bBab + gabgbBbb + ‘^gagabBaa + ‘^ga9bBab^ 5 
(jtbgabBqa + ‘^gb9abBab + gbBbb) , 


(26) 


where we use the asymmetric basis dehned by Eq. (2).0 The usage of this basis is 
convenient for the practical purpose in the unihed models because U(l)a coupling is not 
altered from the original one as shown in Eq. (5). The charge factor Bij is dehned by 
Bij = Di{QiQj) where Qi and Qj are U(l)a or 11(1);, charges of the chiral superhelds which 
run through the internal line. The trace should be taken for all possible chiral superhelds 
in the loop. 

As mentioned before, in the ordinary unihcation of the abelian factor groups into a 
simple group where the usual initial condition (10) is used, both of an initial value gab 

dO 1 

^ The rotation angle 9 which relates both basis in Eq. (9) satisfies — = - - [gagabBaa + gagbBab) ■ 

dt lOTT^ 
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and Bab vanish and nonzero Qab can never appear at the low energy region if any multiplet 
splitting is not induced by some symmetry breakings at the intermediate scale. However, 
even in such models if there appear incomplete multiplets of the unihcation group at 
some intermediate region, Bab becomes nonzero as its result and Qab will develope nonzero 
value at the lower energy region [|1^ . Recently detailed analysis on the magnitude of the 
induced kinetic term mixing has been done in for the Eg inspired extra U(l) models. 
In perturbative superstring models nonzero gab can also appear even at the Planck scale 
as pointed out in ref. |n, |^. In that case we should use Eq. (11) as an initial condition 
for the RGEs study. 

One-loop RGEs for U(l)aX U(l)fe gaugino masses take also a 2 x 2 matrix form and 
can be written in the symmetric basis as, 

/ 


A 

dt 


Ma Mab 
Mab Mb 




/ 


^,<ib \ 



'y 

1 m 

7m 





/ 

V 

'y 

1 m 

7m J 


(27) 


where 


( ryO. ab \ 

im Im 

= -2 

Ida (dab \ 

\ Im Im / 


^ Pab Pb J 



B, 

B. 


ab 



(28) 


These RGEs show that the abelian gaugino mass mixing can appear at the low energy 
region as a result of the kinetic term mixing even if there is no mixing in the initial values 
of the soft supersymmetry breaking gaugino masses. From Eqs. (27) and (28), we cannot 
generally expect the unihcation relation which is usually predicted among the gaugino 
masses, if there is the kinetic term mixing. 

In addition to these radiative effects the existence of an abelian off-diagonal gaugino 
mass may appear at the unihcation scale Mu in relation to the origin of soft supersymme¬ 
try breaking. In the = 1 supergravity framework it is well known that gaugino masses 
are expressed at the unihcation scale as ^ 


= -{Re Ur'FidjU, 


( 29 ) 


where is the auxiliary helds in a chiral superheld and its VEV induces the supersym¬ 
metry breaking. In principle, the gauge kinetic function fa can have nonzero oh-diagoinal 
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elements fab for abelian factor groups U(l)aX U(l)b. The existence of such off-diagonal 
elements fab was pointed out at the one-loop effect in the perturbative superstring 


If fab has the dependence in the case of 7^ 0, nonzero Mab is expected to appear at 
Mu. This means that there may be a mixing even in the initial condition of the RGBs for 
the abelian gaugino masses. The abelian gaugino mass mixing originated from the kinetic 
term mixing may be one of the interesting aspects of soft supersymmetry breakings. This 
point seems not to have been noted by now. Although further study of these issues seem 
to be worthy to clarify the detailed feature of extra U(l) models, they are beyond our 
present scope and we will not treat them in this paper. 


3 /i-problem solvable models 

There can be a lot of low energy extra U(l)x models as the extension of the MSSM.Q 
Among these models we are especially interested in p-problem solvable extra U(l)x mod¬ 
els, which satisfy the features such as, (i) the extra U(l)x symmetry should be broken by 
the VEV of a SM singlet scalar S and (ii) the singlet chiral superheld S has a coupling to 
the ordinary Higgs doublet chiral superhelds Hi and H 2 such as XSH 1 H 2 . In these models 
the ordinary /i term is forbidden in the original Lagrangian by U(l)x and the fi scale is 
naturally related to the mass of the extra U(l)x gauge boson. Thus they also seem to be 
very interesting from the phenomenological viewpoint .Q Thus it will be worthy to prepare 
the framework for their analysis and to investigate detail features of such typical models. 

In this paper we conhne our attention to this class of models derived from the super¬ 
string inspired Eq models.]^ There are two classes of extra U(l)x models derived from 
superstring inspired Eq models. One is a rank hve model, which is called as rj model. The 
other ones have a rank six and there are two extra U(l)s in addition to the SM gauge 

^Hereafter we will use the same notation for the chiral superhelds and its scalar component helds. 

^ There is also a possibility that the /i term is induced by a nonrenormalizable term \{SS/SH 1 H 2 

in the superpotential because of some discreate symmetry |^. In such a case (S') should be large in 
order to realize the appropriate ji scale. As a result there is no low energy extra gauge symmetry which 
can be relevant to the present experimental front. The tadplole problem accompanying this singlet scalar 

S may again appear. Because of these reasons we do not consider this possibility here. 

^It is well known that this type of model often appears in models derived from the various construc¬ 
tion of weak coupling superstring The following discussion can be generalized to such models 

straightforwardly. 
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helds 

SU{3) X SU{2) 

Y 

Qip 

Qx 

Qr] 

Qi± 

Q 

(3,2) 

1 

3 


* 5 “ 

18 

1 

vT 

2 

3 


u 

(3*,1) 

4 

3 


18 

1 

vT 

2 

3 


D 

(3*,1) 

2 

3 


18 

3 

76 

1 

3 


L 

(1.2) 

-1 


* 5 “ 

18 

3 

76 

1 

3 

-f-A_ 

^76 

E 

(1.1) 

2 


18 

1 

76 

2 

3 


Hi 

(1.2) 

-1 

-2 

FY 
V 18 

2 

76 

1 

3 

ir ^ 

^76 

H 2 

(1.2) 

1 

-2 

rr 
V 18 

2 

76 

4 

3 

ir_?_ 

+ 76 

9 

(3.1) 

2 

3 

-2 

fY 

V 18 

2 

76 

4 

3 

ir_?_ 

+ 76 

9 

(3*,1) 

2 

3 

-2 

fY 

V 18 

2 

76 

1 

3 

+ 76 

S 

(1,1) 

0 

4 ^ 

[Y 

18 

0 

5 

3 

^76 

N 

(1.1) 

0 


18 

5 

_ 

5 

3 

0 


Table 1 The charge assignment of extra U(l)s which are derived from Eq. These charges 

are normalized as E Q^i = 20- 
ie27 


structure. They are known to be expressed as suitable linear combinations of two abelian 
groups U(l)p and U(l)^. Their charge assignments for 27 oi E^, are summarized in Table 
1. As seen from this table, there is a SM singlet S which has a coupling XSH 1 H 2 . The 
//-model clearly satishes the above mentioned conditions (i) and (ii). On the other hand, 
in the rank six models thse conditions impose rather severe constraint on the extra U(l)x 
remaining at the low energy region. 

In this type of rank six models a right-handed sneutrino N'^ also has to get a VEV 
to break the gauge symmetry into the one of the SM. If we try to explain the smallness 
of the neutrino mass in this context, should get the sufficiently large VEV. To make 
this possible N needs to have a massless conjugate partner N which is a chiral superheld 
belonging to 27* of Fortunately, it is well known that this can happen in the 

perturbative string models @]. In such a case, as easily seen, a sector of {N,N) in the 
helds space has a D-flat direction {N) = {N) and then they can get a large VEV without 
®If we impose the gauge coupling unification on our models, we need to include other conjugate pairs 
besides N + N from 27 + 27* as pointed out in [|^ 
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breaking supersymmetry p[. This VEV (N) can induce the large right-handed Majorana 
neutrino mass through the nonrenormalizable term [NN )^/in the superpotential 
and then the seesaw mechanism is applicable to yield the small neutrino mas^ as suggested 
in 0.0- This D-flat direction may also be related to the inflation of universe and the 


baryogenesis as discussed in [^. However, this introduction of {N) usually breaks the 
direct relation between the /i scale and the mass of the extra U(l)x gauge boson because 
the VEV of N also generally contributes to the latter. In order to escape this situation 
we need to select a U(l)js: by taking a suitable linear combination of 11(1),/, and U(l)^ to 
make N have zero charge of this U(l)x |T^, This type of model is also shown in 
Table 1. The difference between is the overall sign and they can be identified by the 
redefinition of and siny. In the following part we adopt the convention.^ Using 
the D-flat direction (iV) = (iV) of another extra U(l) orthogonal to this U(l)^_, the 
right-handed sneutrino gets the large VEV which breaks this extra U(l) symmetry and 
induces the large Majorana masses for the right-handed neutrinos as mentioned above. 
As a result of this symmetry breaking at the intermediate scale, only one extra U(l)g_ 
remains as the low energy symmetry. 

Apart from the property of the low energy extra U(l)x, whether an intermediate scale 
can exist or not is a special feature which discreminate between the rank six model 
and the rank five rj model. In the following study we will concentrate our study on low 
energy features of two U(l)x models {X = rj, 


4 Vacuum structure of extra U{l)x models 


^ The small Majorana neutrino mass can also be directly induced through loop effects and/or non¬ 
renormalizable couplings by using this intermediate scale (N) 28 . In that case some kind of discrete 

symmetry should play an important role. Here we should also note that all the right-handed neutrinos 

need not to be heavy. Light sterile neutrinos is possible in this type of models. 

®As discussed in refs. 011, Q^_ can also be obtained only by changing the field assignments for Q^. 

This insight allows us to construct new models, which can induce an interesting neutrino mass matrix 
@1 by using the charge assignments and Q^_ for the different generations |^. However, in this 
paper we shall not consider such models for simplicity. 


12 













4.1 General framework 


In this section we investigate the vacuum structure of /^-problem solvable rj and models. 
The electroweak gauge structure of these models is SU(2)iXU(l)yxU(l)x at the low 
energy region. The arguments in the previous section are straightforwardly applicable if 
we identify and 4^ with the gauge fields of U(l)y and of U(l)x, respectively. 
After resolving the kinetic term mixing of these abelian factor groups, the canonically 
normalized Lagrangian of the present models is expressed by using the component fields 


^ 

+ 2 X! + 2^b + 2^x 

i 

+1 ( 9 „ - G(V,)) 4, 1 '^ + (d“ - G(V^))r + \<I>'G{D)4 

+ 1 V 2 (fG{\)i) - 0G(A)^) + |F|2 + [IT($) + h.c.]^, (30) 


where B^y and X^y are the field strengths of SU(2)i, U(l)y and U(l)x, respectively. 
The chiral superfields $ = (0, F) should be understood to represent all necessary 
matter and Higgs fields, although indices for all quantum numbers are abbreviated. For 
the convenience we use the notation for the vector suprerfields 

G{^) = \ {awr^^ly + gvYFB + {qyxY + gxQx)J^x) , (31) 


where F represents the component fields A and D of the vector superfield Vzw for the 
gauge group SU(2 )lX U(l)yX U(l)x. 

In the /i-problem solvable models the gauge symmetry breaking required around the 
weak scale is SU(2)iXU(l)y xU(l)x —^U(l)em, which is realized by the VEVs of Higgs 
scalar fields 


(^i) = 


Vl 


{H2) = 


{S) = u, 


(32) 


0 


V2 


where their quantum numbers for SU(2)2,x U(l)yX U(l)x are 


//i(2,-l,g0, H 2 { 2 , 1 ,Q 2 ), S {1,0, Qs). (33) 

For a correct electroweak vacuum we need to impose nf + = (174 GeV)^(= n^). All 

VEVs are assumed to be real. The vacuum of these models is described as a point in a 


13 



space of two dimensionless parameters, tan/3 = V 2 /v\ and u/v. In the rest of this section 
we give a general framework to constrain the allowed region in this space in terms of both 
electroweak precision measurements and scalar potential minimum conditions. After that 
we use it to analyze the vacuum structure of our models. 

In order to investigate the vacuum structure in the basis of the recent experimental 
results we need to determine the physical states at and below the weak scale |^. The 
mass mixing between two U(l) factor groups appears when the spontaneous symmetry 
breaking occurs at the neighborhood of the weak scale. In the present models the charged 
gauge sector is the same as that of the MSSM. In the neutral gauge sector we introduce 
the Weinberg angle 6w in a usual way,^ 


Zn = cos - sin 9wBn, = sin 9wW^ + cos OwB^ 


(34) 


Here we use the canonically normalized basis so that is decoupled from the 

(Z^, A^) sector. After the spontaneous symmetry breaking the mass matrix of (Z^, A^) 
can be written as 


my rnyx 


( 35 ) 


m 


YX 


m 


X 


where each element is expressed as 


my = m 


Zi 


rriyx = rn^sw tan y + 


Am? 


cosy 

m?x = m\s\r tan^ y + 2Am^sw 


sin y My, 


+ 


cos^ y cos^ y 


(36) 


In these expressions m|, Am? and M|, represent the values of corresponding components 
in the case of no kinetic term mixing (siny = 0). They can be written as 

1 


= i^{9w + 9y)v , 


^rn? = -(^^ + gy^Bg^ ^ 


(37) 


^ 1 '=+ Qy + Qy) • 

We introduce mass eigenstates which diagonalize the mass matrix (35) as follows, 

Z? = cos^Z'^ + sin^A^, 

Z!? = - sin iZ>^ + cos ^A'^, (38) 


In the following we use the abbreviated notation sw = sin6>iy and cw = cos^vc- 
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where the mixing angle ^ can be given by using Eq. (13) as 

—2 cos xi'^'z^w sin y + Am^) 


tan 2,^ = 


( 39 ) 


M|, + 2Am‘^sw sin y + rn\s^ sin^ y — m| cos^ y 
In general, a mass eigenvalue and ^ are severely constrained by direct searches at 
Fermilab Tevatron and precise measurements at LEP |^. In the case of siny = 0, 
it is usually assumed that this constraint is satished because of Am^ <C M|,. This can 
be realized in two ways. Simple one requires only -C which needs no hne tuning 
at this stage BQ- The other one requires a special situation Arn? ~ 0 [pT| , pAf . This 
reduces to tan^ /3 ~ 1/4 (?] model) and 3/2 (^_ model). Here it may be useful to remember 
that the radiative symmetry breaking scenario favors tan/d > 1. If siny ^ 0, however, 
there may be a new possibility to realize the small ^ even if Am? <C M|, is not satished. 
Such a situation can be expected to occur without any assumption for the largeness of u 
or Am^ ~ 0, if the following condition is satished^® 

Am? gx Qivj - Q 2 VI 


sm X 

^zSw 9 y V" 
It may be useful to note that this condition is reduced to 

gx 4 tan^ P — l 

siny 


( 40 ) 


Sgy tai? {3 + 1 
gx 2 tan^ — 3 


g model, 
model. 


(41) 


X^gy tai? P + 1 

This shows that there is a special siny value for each tan/? to realize = 0- fhe case 
of g model tan/? > 1 can requires siny > 0.5gx/gy to satisfy this condition.^ 

In the case of M|, S> m|. Am?, the mass eigenvalues of Eq. (35) are written as 

1 


m?z^ ~ m| — 


Ml, 


[m\sw sin y + Am" 


vtiz^ ^ 


Ml, 1 
^ + 


cos^ X 


Ml, 


( 


mzSw sm x 


+ Arr?^ . 


(42) 

(43) 


Original states which are not canonically normalized can be related to the mass eigenstates 
{AA Z^, Z!?) as 


— cw tanx (sin^Z/ + cos^Z^), 

^°This role of siny ? 0 can be played by the VEVs of new Higgs doublet scalars which have nonzero 
charges of U(l)x @. 

^^In the T] model it is known that there is a special siny value which can make U(l),; leptophobic 
( siny = gxAgy ) It corresponds to siny = 1/3 if we take gx/ffv = 1 at the weak scale. 
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( 44 ) 


= (cos^ + sw tan X sin Zf + (— sin^ + sw tan x cos Z2, 
cos X cos X 

where stands for a real photon held and Zf is nnderstood as Z°^ observed at LEP. 
Using these mass eigenstates, the interaction terms of A^ and Zf with ordinary qnarks 
and leptons can be expressed as [|T^ , 


jCint = eQerai’lf.i’A^ + Uvf + + (o/ + ajO'07M75'0l (45) 




r" 

~2 

/ _ (n'^L 


2cw ■ 

‘^Qem^W (1 + Swi tanx) - iQtmCwSin'i tanx, 


v', = WS‘ +Qt), 


T 


af = -y(l + sw^tanx), 


(^'f — {Qtt Q^)i 


V’L' 


QxCw 


(46) 

Qtc cind stand for the 


where we assnme ^ is small enongh and pnt ^ = 

gw cos X 

U(l)x charges of i/jl and 'ifjR. Using these effective conplings, the partial decay width Tj 
and the asymmetry parameter Aj for Z ^ ff are expressed as 


r/ = 




pNc {vf + + (ttf + a'j-^y 


Af = 


6^/271 

2(h/ + h)-0(a/ + a/0 


(47) 


^ (n/ + n}0^ + (a/ + a/0^’ 

where p is a one-loop corrected ratio of the nentral cnrrent to the charged cnrrent and 

Nc stands for the effective color factor. The forward-backward asymmetry of Z —*> // 
2 

is given as Ap^ = -A^Af. Using these formnlae, we can restrict the allowed region in a 
(tan/?, u/v) plane by nsing the electroweak data. 


4.2 Constraints from electroweak data 

The deviations of varions electroweak observables in the present models from the SM 
predictions can be strictly constrained by taking acconnt of data obtained at LEP. Elec¬ 
troweak parameters corrected by the extra U(l)x effects from the SM valnes are the p 
parameter and the effective Weinberg angle s^. In these parameters we only take acconnt 
of the correction indnced by the extra U(l)x effect besides the radiative corrections in 
the SM. Other corrections yielded by the exotic matter fields are model dependent and 
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we assume that they are small enough |^. More concretely, we put p = 1 + 5pt + 6pM 
where 6pt is a one-loop correction due to top quark in the SM and 6pM is the extra U(l)x 
effect. The detailed derivation of both deviations SpM and As^ due to the existence of 
extra U(l)x is reviewed in the appendix [|^ |^. We only present the results below. 

6Pm appears at the tree level as a result of both of the mass and kinetic term mixing. 


It can be expressed as |18 


Ml ^2 


( 48 ) 


rriz cos^ y 

where we use a relation ~ /m\ x which is obtained from Eqs. (39) 

and (42) as far as 1. The second term in the right-hand side comes from the kinetic 
term mixing (siny 7 ^ 0). This deviation in the p parameter can also make an influence in 
the deviation of The expression of including such an effect can be found as [|T 8 


_ (P f 


’IV 








n 2 ^ — Sw tan y 

si^ m^z cos^y ^ 


( 49 ) 


The experimental bounds obtained at LEP for these parameters can put strong constraints 
on the parameters related to the extra U(l)x sector. 

Following the procedure used in Ref. |^, we estimate the deviation of LEP ob¬ 
servables O from the predictions in the present models. In the present analysis we use 
Pz, (Jhad, Rfe, Rc, mw/^^z, Apg, A^-q and Apg as O. These electroweak observ¬ 
ables can be calculated by using the tree level formulae (47) and the deviation of these 
observables O can be approximately expanded by 5pM, As^ and ^ as 

50 


O 


= 5 PM+ + 


(50) 


where and B are calculated by using Eqs. (46) and (47). As is easily checked, 

only B is different between both models. Their numerical values of the present models 
are given in Table 2. 

Since 5pM and As^ are not independent and are related through Eqs. (48) and (49), 
four independent free parameters gx, siny, 5pM and ^ are contained in our analysis. 
If we take gx and siny to be suitable values, we can carry out two parameters y^-fft 
between these predictions and LEP data in a (^Pm, 0 plane. As a result of such analyses 
a minimum value of y^ is found to be y^ ~ 7.0 for 7 degrees of freedom at a point such as 

{5pM,0 ~ (—2.4 X 10““^, — 4 X 10“^), p model, 

~ (-2.4 X 10-^ 4 X 10“^), model (51) 
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o 

Tz 

Ri 

<^had 

Rb 

Rc 

mw/raz 

^FB 

AC 

^FB 

^FB 

^4) 

0.99 

0 

0 

0 

0 

0.38 

0 

0 

0 


-1.06 

-0.84 

0.097 

0.18 

-0.35 

-1.00 

-54.15 

-58.66 

-106.93 

B{g) 

0.52 

-0.82 

0.20 

2.56 

-4.86 

0 

-26.61 

-25.41 

-54.78 

m-) 

0.33 

-4.31 

5.03 

1.86 

-3.54 

0 

7.21 

9.71 

16.98 


Table 2 


in the case of sinx = 0. For this degrees of freedom the corresponding values to 
goodness-of-fits of 95% and 99% are x^ = 14.1 and 18.5, respectively. For the same 
observables the x^ value of the SM is 3.4. Thus at this stage there is no positive experi- 
mantal signature for considering the low energy extra U(l)x models. These data should 
be only used to put the constraint on the vacuum structure of the models so as to satisfy 
the constraint on In the following study our aim is to hud what kind of vacua can 
approximately satisfy this constraint. 

By using the relations (37), (39), (48) and (49), we can project this result in the 
{SpM, 0 plane onto the ones in the various planes defined by other variables. To see a 
role of the kinetic term mixing on the value of u, it is convenient to draw x^-contours for 
typical values of tan/3 and gx in a (sinx, u/v) plane. It should be reminded that the 
value of sin x which can induces the minimum of u is largely dependent on tan (3 as shown 
in Eq. (41). Here we choose tan/3 = 1.5 taking account of the fact that the radiative 
symmetry breaking favors tan/3 1. These results for rj and models are presented in 
Fig. 1. From this hgure we can easily hud that it shows very similar features to a contour 


of the present upper bound of mixing angle ^ given in as expected. In the t] model 
sinx = 1/3 which corresponds to leptophobia in the present setting cannot make u small 
because ^ is large for tan/3 = 1.5. For this tan/3 we need sinx ~ 0.82 to realize ^ ~ 0. 
Here we should note that too large sin x value seems to be difficult to be realized Q and 
also it may contradict a perturbative picture. 

In order to examine the vacuum structure we should draw the x^-contours in the 
(tan/3, u/v) plane since the vacuum is parameterized by two dimensionless variables 
tan/3 and u/v. In this analysis relevant free parameters in the model are gx and sinx 
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Fig.l x^-contours in the (sinx, u/v) plane for (A) rj and (B) models with tan/3 = 1.5 and gxIdY = 1- 
They are shown by a solid line for x^ = 18.5 and a dotted line for x^ = 14.1, respectively. Dash-dotted 
lines represent the contours such as a: 400 GeV, b: 800 GeV, c: 1200 GeV and d: 1600 GeV, 
respectively. 


alone. We vary these parameters in the following regions, 

0 < sinx < 0.3, 0.8 < gx/gr < 1-2. 


(52) 


The stndy of RGBs in Eq. (26) for various Eg inspired extra U(l) models seems to 
verify this assumption on siny and gx/gv at the weak scale. The reason to take siny 
positive has already discussed in the previous subsection. In Fig. 2 we present the y^- 
contours in this plane for both models with typical values of these parameters. In the 
same plane we also plot contours of the extra neutral gauge boson mass as a reference. 
We can observe that u can be small and result in a rather small value for a suitable 
region of tan f3. This tan (3 region is somehow different between two models. 

A gross shape of the y ^-contours shown in Fig. 2 is general and they do not show so 
strong gx and siny dependence. However, the value of tan/3 allowed at the small u/v 
region somehow changes depending on the siny value as expected from Eq. (41). If we 
note a y^ = 18.5 contour, we hnd that the region of u/v < 10 can be realized at very 
restricted tan f3 values as follows, 

0 < tan/3 ^1.1 ( siny = 0 ), 

0.4 < tan^ < 1.2 ( siny = 0.3 ), 


r] model 
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Fig.2 x^-contours in the (tan/3, u/v) plane for (A) 77 model with sinx = 0.3 and (B) model with 
sinx = 0.2. In both cases gx/ffy = 1 is assumed. Contours are shown by a solid line for x^ = 18.5 and a 
dotted line for x^ = 14.1. Dashed-Dotted lines represent the mz^ contours a: 400 GeV, b: 800 GeV, c: 
1200 GeV and d: 1600 GeV, respectively. 


model 


J 0.9 < tan/3 ^ 1.9 ( sinx = 0 ), 

I 1.2 < tan/3 < 2.6 ( sinx = 0.2 ). 


(63) 


In both models the somehow larger sinx(> 0) value is necessary to realize tan/3 in a 
favorable region like tan /3 ^ 1 as far as we require that rather small u/v value is allowable. 
Generally, in the model the naturally small sin x(> 0) values can make u/v rather small 
for the tan /3 ^ 1 region. Thus the model may be more promising than the t] model 
from this viewpoint. 


4.3 Minimization of scalar potential 

Next we study the vacuum structure through minimizing the scalar potential 0, 

We again take account of the influence on the scalar potential caused by the kinetic term 
mixing among abelian gauge helds. It should be reminded that the abelian auxiliary 
helds Dy^x are changed as shown in Eq. (21). For the detailed investigation of the scalar 
potential in the present models the superpotential and the soft supersymmetry breaking 
terms should be hxed dehnitely. In this paper we assume the following superpotential, 

W = huQH 2 U + hoQH^D + hELHiE + hNLH 2 N + XSH 1 H 2 + kSgg. (54) 
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Here we explicitly write the minimal part which is necessary for this model to be realistic. 
Generation indices are abbreviated. Other terms including the exotic helds are omitted.f^ 
As soft supersymmetry breaking terms we consider the following onesj^ 


>^^soft = -'^rnl\(j)k\‘^ - ml\Hi\^ - ml\H2\^ - ml\S\‘^ 

k 


+ 


AuhuQH2U + AjjhjjQHiD + Aj^hj^LHiE + A]yh]yLH2N 


+AxXSHiH 2 + AkkSgg 

+ - (Mw ^ XlY.\^r. + MyXyXy + MxXxXxj + h.C. 


(55) 


where (j)k stands for the superpartners of ordinary quarks and leptons. For simplicity, 
A-parameters and Yukawa couplings are assumed to be real. 

The changes induced in the scalar potential by the extra U(l)x is expected to be 
reflected in the vacuum structure. In order to investigate this aspect we write down the 
vacuum energy by using the VEVs of Hi, H2 and S. Under the assumption (32) for these 
VEVs, we can write it as follows, 

+5 (9ytanx(t>? - t>2) + 

8 ( cos X ^ ^ J 

+X‘^vlv2 + X^u^vl + X^u^vl + m\vl + rn^vl + — 2AXuviV2. (56) 


Here we use the relation Q 1 + Q 2 + Qs = 0 for the extra U(l)x charge, which comes from 
the XSH 1 H 2 coupling in the superpotential W. In the second line we can see the effect of 
the kinetic term mixing. A linear term of u appears in this potential only in a form Au 
so that a sign of A is relevant to the one of u. 

Now we proceed an analysis of the feature of the minimum of this potential. The 
analytic study is difficult and then the potential minimum must be numerically studied 
by solving the minimum conditions, 

dV _dV _ dV 
dvi dv 2 du 

also drop the usual R-parity violating terms to guarantee the proton stability. This may be 
justified due to some discrete symmetry. The last term is necessary for the radiative symmetry breaking 
of U(l)x as discussed in [|[ |2). In the g model hx = 0 should be assumed. 

^^We donot consider the abelian gaugino mass mixing term MyxXyXx, for simplicity. 
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These conditions can be translated into the equations for Higgs masses, 


mi y 

V J 


m 2 y 
V J 




9w + 9y 




(sin^ /3 - cos^ “ y cos^ /3 + (2 sin^ /3 + Cs ^ 

W;3+ f-V) + A--tan/?, 

. \vj I V V 


(58) 


9w “I" 9y 


(sin^ (3 - cos^ /3) - J ^Ci cos^ /3 + C 2 sin^ /3 + Cs 

-A^ {cos^(3+ f-V) + A--cot/?, 
y \vJ j V V 

~ ( Cl cos^/3 + C2sin^/3 + Cs f-) ] - A^ + A-- cos/3sin/3, 
4 y \v / J V u 


where Ui + should be satisfied. We dehne Ci, C 2 and Cs as 


Cl = Qy tan X + 


9xQi 


C 2 = -9y tan X + 


9xQ2 


Cs — 


9xQs 


(59) 


(60) 


(61) 


cos X cos X cos X 

A solution of Eqs. (58)-(60) is realized as a triple crossing point of the contours of m\, m\ 
and nig in the (tan/?, u/v) plane for a suitable set of parameters gx, sinx, A and A. It is 
not an easy task to solve the coupled RGEs for all physical parameters and hnd solutions of 
Eqs. (58)-(60) varying the initial conditions for all parameters at the unification scale. In 
the present analysis we donot practice this procedure but adopt more convenient method. 

To know the existence of such solutions we should search the parameters region for 
which the contour bands of m\, m\ and nig simultaneously cross each other within a 
suitable width like \w?\ iz (1 TeV)^. The absolute values of these squared masses are nat¬ 
urally considered to be near the weak scale from a viewpoint of the radiative symmetry 
breaking induced by the quantum corrections to the soft supersymmetry breaking param¬ 
eters. These parameters are usually considered to be from a few handred GeV to 1 TeV 
at the unihcation scale and run towards the low energy region mainly under the control 
of the contribution from large Yukawa coupling constants. If we take this viewpoint, we 
can roughly know the consistent parameter region with the radiative symmetry breaking 
scenario. We follow this simplihed method. The complete RGEs study done in |^, H, ^ 
seems to support the result of this method. 

We numerically examine the possible vacuum structure by drawing m\, m\ and 
contours in the (tan/?, u/v) plane for the various values of parameters gx, sinx, 5'x, A 
and A. We vary these in the region (52) and 


0.1 < A <0.9, |A/u| < 10. 


( 62 ) 
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Fig.3 Contours of and nig in the (tan/3, u/v) plane for (A) rj model with sinx = 0.3 and (B) 

model with sinx = 0.2. In both cases gxjgv = 1, A = 0.5 and A/v = 2 are assumed. Contours of 

and nig are drawn by dash-dotted, dotted and solid lines, respectively. The value associated with 
contours are (mi, 2 ,s/'y)^ = —30,—25,—20, • • - ,20,30. In particular, contours for (mi, 2 ,s/w)^ = —30 are 
marked by x at their neighborhood. 

Since the parameter A is varied in the above region including a negative A, we only need 
to search the positive u/v region. As such an example, in Fig. 3 we draw those contours 
for a typical set of these parameters. 

Here we summarize the general features found from this analysis. The siny and gx 
dependence of these contours is non-negligible but weak. As expected from the largeness 
of u/v, m| is almost dominated by the hrst term in Eq. (60) and then it is not affected 
so large by parameters A and A in our interesting (tan/3, u/v) region. The contours of 
m| are almost equivalent to the constant u/v lines satisfying u/v /z 10. On the other 
hand, parameters A and A play crucial role to determine the contours and m^- This 
feature is mainly related to the behavior of the last terms in Eqs. (58) and (59). The 
behavior of contours mf and rri^ in our considering (tan/3, u/v) regime may be explained 
as follows. For the small A and \A/v\ values, the nil contours are also almost 

constant u/v lines since the first two terms in Eqs. (58) and (59) dominate their values. 
As its result there appears an allowed wide tan/3 region where three contours satisfying 
|(m/n)^| < 30 can cross at a point. If we take \ A/v\ larger, the overlapping region of three 
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contours shrinks around tan/3 ~ 1 and also its upper bound on u/v becomes smaller. 
This is because the contours of m\ and m\ have a shape which is determined by the last 
terms of Eqs. (58) and (59). If we make A larger, their shape does not change largely. 
Although a wide tan/3 region gives a solution and no favorite tan/3 region appears, the 
upper bound on u/v becomes smaller. When both of A and \A/v\ are taken larger, the 
contours of and m\ cross at the region where u/v has too large or small values like 
u/v ^ 10 or u/v ^ 1. In that case we cannot hnd a solution in a suitable (rris/v)'^ region. 
Some of these fetures can be found in Fig. 3. Similar features are reported in the RGBs 
study [p^ . 


These results also may give us a hint for the RGBs study. As found in this argument, in 
such a study one of the important problems is clearly to hnd what kind of input parameters 
can realize the negative smaller at the weak scale to obtain such a solution as u/v ^ 2 . 
In that case we may need non-universal soft supersymmetry breaking scalar masses at 
least in the Higgs sector |T^]. 

Now by combining this result with the previously discussed y^-hts using the precise 
measurements, we can restrict the allowed region in the (tan/3, u/v) space of the present 
models. In that region the model can simultaneously satisfy both of the condition for the 
radiative symmetry breaking and the requirement to fulhll the constraint from the data 
of electroweak precise measurements. As an example, if we use Figs. 2 and 3 for this 
purpose, we can hnd such solutions at the following values. 


tan /3 ~ 0.8, 

2.5 < u/u < 8 

( r] model with siny = 0.3 ), 


tan /3 ~ 1.5, 

2 < u/u < 8 

( model with siny = 0.2 ), 

(63) 


where the parameters are taken as //x/i/y = 1, A = 0.5 and A/v = 2. If we deviate tan/3 
from the above one within the region (53), the lower bound of u/v suddenly becomes 
larger. These are general features. 

We comment in some detail on the parameters dependence of these solutions. The 
drastic ehect of sin y 7 ^ 0 on this vacuum structure can not be found but we should note 
that it has an important role to determine tan/3 which makes small u values allowable. 
Generally the consistent solutions tends to be found for not so large values of A and |A/u|. 
This tendency can be understood from the previously mentioned features of the parameter 
dependence of Fig. 2 and Fig. 3. If we take account of the well known result tan/3 1 in 
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the study of the radiative symmetry breaking due to large Yukawa couplings, the above 
results shows the rj model seems not to be realized as a consistent model in our framework 
assuming < 30. The model has a good nature also in this aspect. 


4.4 Masses of an extra Z and a neutral Higgs scalar 

It is very interesting that in this study the vacuum solutions can be found only at the 
stringently restricted region in the (tan/?, u/v) plane. This makes us possible to hnd the 
bounds on and the lightest neutral Higgs scalar mass rriho. Here we estimate these 
mass bounds in the basis of the study in the previous subsections. 

The neutral Higgs scalars mass matrix can be written in the basis of {Hf, S) by 
using the minimization conditions (58)-(60) as. 


m% 


^ cos^+ Cl) + 2ATMtan/3 A sin2/3(— 5 ^ + X 12 ) — 2AT{( cos/? (u-A '13 — 2AHtan/3^ \ 
A sin2/3(—+ Y 12 ) — 2ATm sin^+ Cl) + 2AT£t cot/? sin/? ^MAt 23 — 2AT cot 


V 


cos j3 — 2AHtan 




Sin/ 


+ |Asin2/? j 


(3 (^X 23 — 2AH cot 

where + gy and = QQ + 4A^. In this expression we also use abbreviations 

A = A/V and u = u/v. In order to estimate ruho we numerically diagonalize this matrix 
and plot the contours of the smallest mass eigenvalue in the (tan/?, u/v) plane. Since in 
the present models the value oi u/v is severely restricted by the bounds on mz 2 and it 
cannot be so small that the lightest neutral Higgs scalar cannot be generally dominated by 
a scalar partner of S which has no electroweak interactions. This situation is completely 
different from the case of NMSSM where the lightest neutral Higgs scalar can be dominated 
by the scalar component of S in the case of the small u/v 0. Thus the MSSM bound 
on the lightest neutral Higgs scalar mass might be almost applicable and we could impose 
irtho > 62.5 GeV |^|. This can give an additional constraint on the parameters in the 
present models. 

To make our discussion dehnite we consider the model. We know from the discus¬ 
sions up to now that tan/? > 1 and 2 < u/n < 8 are required. This makes us possible 
to examine the allowed parameters region by checking whether this condition on rriho is 
satished or not in the constrained (tan/?, u/v) plane. Although rriho is found to have only 
a negligible dependence on siny and gx, it is crucially dependent on A and A. In fact, for 
A/v ^ 0.1, m/jO > 62.5 GeV cannot be satished in the favorable part of the (tan/?, u/v) 
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Fig.4 Contours of the lightest neutral Higgs scalar mass mf^o in the (tan /3, u/v) plane for model with 
sinx = 0.2, gxjgy = 1, A = 0.5 and Ajv = 2. 

plane for any A in the region (62). For small Ajv^ the larger A has a tendency to make 
m^o < 0 there and then the vacnnm nnstable. We can estimate the allowed pertnrbative 
region of A for the typical valnes of Ajv^ for which rriho can satisfy the experimental lower 
bonnd in a certain point of the above mentioned constrained (tan/?, u/v) plane. Snch an 
example is 

0.2 < A < 0.5 for A/v = 1, 

0.4 < A < 0.9 for A/v = 5. 

For the larger A/v, the larger A is favored and the larger A/v tends to make 171^0 larger. 

To hnd the absolnte valne of rriho consistent with other conditions, we take the same 
parameters as those used to draw Fig. 2 and Fig. 3. In this case contours of the lightest 
neutral Higgs scalar mass are shown in Fig. 4. One of interesting features of this hgure 
may be a behavior of the contours for tan/3. As mentioned before, the lightest Higgs 
scalar in this model is mostly composed in the same way as the one of the MSSM whose 
mass increases with increasing tan/3. On the other hand. Fig. 4 shows a completely 
different behavior from that.[^ In the present Higgs scalar mass matrix there is a D-term 
contribution of the extra U(l)x even in a 2x2 submatrix for {H^, H^)- This contribution 
seems to make us possible to understand the feature in Fig. 4. In order to see this briefly, 
^■^The author would like to thank the referee for pointing this out. 



1 2 3 4 5 

tan beta 
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we may extract a 2 x 2 submatrix for and carry out orthogonal transformation 

with an angle /?. Then we can hnd the lightest Higgs mass upper bound as 110 


2 ^ 2 
rriho < ruz 


cos 



+ sin^/? (1 + % ) + 2 sin^/? cos^/? f-1 + 


9 ^ 


9 ^ 


where Ci, C 2 and X 12 represent the extra U(l)x effect. Although this upper bound in¬ 
creases with increasing tan (3 in the case of Ci = C2 = 0 , we can hnd that this can decrease 
with increasing tan (3 in certain extra U(l)x models like the present case. The extra U(l)x 
model may give an example of the lightest Higgs scalar with the similar composition to 
the MSSM one but with the different mass behavior for tan/? from that. 

Finally, if we combine this with Figs. 2 and 3, the bounds of and 171^0 can be 
estimated as 


400 GeV < mz^ < 1500 GeV, 62.5 GeV < m/,o < 95 GV. (65) 

In the case of mz 2 the lower and upper bounds are mainly constrained by the values of 
sin y and mf 2 5 , respectively. On the other hand, we should note again that A and A are 
the most important to determine the bound of niho. Although we assume that the soft 
supersymmetry breaking scalar masses mf, and rrig should be in the reasonable range 
|m^| < (1 TeV)^ from the viewpoint of naturalness consideration, it seems to be difficult 
to change this condition largely so that we expect our estimation method and then the 
obtained results are not so bad as far as A and A are hxed in a suitable range. 

5 Summary 

The weak scale extra U(l)x models are very promising candidates of a solution for the 
yU-problem. They are characterized by the existence of an additional neutral gauge boson 
around a several handred GeV or a TeV. Thus they are also interesting from a viewpoint 
of experiments at the high energy front. As such a concrete example, at least we have 
two simple models, r] model and model which can be induced from the perturbative 
superstring inspired Eq model. For these models it is an important issue to check their 
consistency as realistic ones. 

In this paper we payed our attention on their vacuum structure parametrized by the 
VEVs of three Higgs scalars to study it. We investigated them based on the constraints 
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from the precise measurements of electroweak observables and the radiative symmetry 
breaking at the weak scale. We searched the allowed region in the (tan/?, u/v) plane. 
When we proceeded this study, we took account of the effects of the gauge kinetic term 
mixing of abelian factor groups, which might be a special feature of the extra U(l) models. 
In general they can potentially bring some effects not only on the usual gauge interaction 
sector but also on the D-term scalar potential. The latter effect has not been payed any 
attention before. 

Based on the numerical study we had the following results. First, the consistent 
region in the (tan /?, u/v) plane is strongly restricted but we could find that there was the 
interesting allowed region for suitable values of parameters A and A. This means that the 
weak scale extra U(l)x models could be realistic as the /i-problem solvable electroweak 
model at least from the viewpoint of consistency of the precise measurements and the 
radiative symmetry breaking. Using our result for the allowed region in the (tan/?, u/v) 
plane, we could estimate the mass bounds on an extra neutral gauge boson and the lightest 
neutral Higgs scalar. It is noticable that we can bring the upper bound on the lightest 
neutral Higgs scalar mass. Since we didnot solve the RGBs of physical parameters like 
Yukawa coupling constants, soft supersymmetry breaking parameters and so on explicitly 
in this analysis, these bounds could be somehow rough ones. However, it is an interesting 
feature of this type of analysis to put the upper bound for them. To obtain more hne 
bounds, we need to analyze it by solving RGBs explicitly. 

Second, the effect on the scalar potential itself coming from the kinetic term mixing 
was found not to be so large. However, its effect could not be negligible as it could rather 
largely affect the gauge interaction sector. Since the allowed region in the (tan/?, u/v) 
plane is influenced by both sectors, we could see non-negligible effects on the values of 
tan /? and u due to the kinetic term mixing. We need further quantitative study for the 
origin of this kinetic term mixing in the present type of models as done in |]^ p0| . 

The p-problem solvable models, in particular, which have an intermediate scale like 
our model, show very interesting phenomenological features such as an explanation of 
small neutrino masses. Although we only discuss the model as an example of this kind 
of models, there can be other models and it seems to be worthy to construct such models 
by various methods, especially, as the low energy effective models of superstring. If we 
consider these models seriously, we also need to study the problems related to the exotic 


fields included in the models, like proton stubility and flavor changing rare processes 


Such a study may enlarge our scope for the unihcation scenario different from the usual 
grand unihcation schemes. 
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part by a Grant-in-Aid for Scientihc Research from the Ministry of Education, Science 
and Culture(#08640362). 
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Appendix 


In this appendix we derive the formulae for the deviation of the electroweak parameters 
(p, s^) from the SM prediction due to the existence of an extra U{l)x gauge held based 
on Refs. [^, [T^. They are dehned in the SM through the neutral current effective 
interaction Lagrangian as follows, 


-^int — {^3 ~ (66) 

where psM — 1 + Spt. The corresponding effective interaction Lagrangian of in the 
extra U{l)x model is dehned as 


-^int — 


‘2'SzCz 


P 


1/2 






(67) 


We assume that the radiative correction dominantly comes from the SM sector and others 
can be neglected. Thus the one-loop corrected on-shell Weinberg angle in the SM and 
the corresponding Weinberg angle s\ ^^e present models are dehned in terms of the 
observed values a and Gp a-s 


TTa 


Sw^W 


(m|) 


A/2Gi7m|psM 


-2 -2 
^Z^z 


ttq; 




( 68 ) 


where the relation between and is given by Eq. (42). From Eq. (68) we can 
easily obtain 


-2 


~ o2 -1 

— bw ^ 


■^w^w 

Pi _ 


ml 


m 


(69) 


Zi 


In the present model vector interaction parts in the ehective Lagrangian for Zi^ are 
summarized by using Eqs. (44) and (45) as follows, 


(1 + tan x) {Js - 2s|Jem) Zlf, 

-ecM^etanyJ^^^Zi^ + (70) 

2 cos X 

The last term is taken into account as a v'j term in Eq. (45) and then it is irrelevant to 
the present calculation. The hrst two terms in the right-hand side can be rearranged into 
the following form. 


^ 2SWCW ^^^^ ^ ~ 2s|Jem) ^1/2- 


(71) 
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Since the Z^-X^ mixing introduces a new interaction —ecwi for Zi^ at tree 

level in comparison with the SM case, s'J deviates from s| as 


s'z - 4 + siyc^^tanx- 


We can also rewrite the right-hand side of Eq. (71) as 

1 / m. 


(72) 


e 1/2 


PSM (1 + siy^tanx) 


1 + 


2 \ml^ 


- 1 


{JS - 2S'|J.'‘„) Zi„, (73) 


2 szCz 

From this expression we can extract the expression of p parameter in this model, 


P = Psm( 1 + siy^tanx)' 


1 + 


1 / m? 


2 


- 1 


(74) 


Thus up to the hrst order of the small quantities the expression of 5pM can be read off 
as. 


5 Pm — 2siy^tanx + 




- 1 


m 


(75) 


^1 


From Eqs. (69) and (72) the deviation of can be derived as 


— J2 _ 2 

^2 




Cw ~ V’^li 


1 + svcc^^tanx- 


(76) 


If we remind the dehnition of famous S and T parameters ^7 

a 


p = 1 + aT, = 


+ 'tS ) , 


„2 „2 V . 

foT/T/ Ou/ \ ^ 


(77) 


-'W ~ 

we can obtain the contributions from the abelian gauge kinetic term mixing and also the 
mass mixing to these parameters as follows. 


/ mi 

ckTm — 2 svi /4 tan x + —5 - 1 

aSM — tan X- 


(78) 

(79) 


Since the difference between sw and sw is a higher order effect in Eqs. (75)-(79), we can 
replace sw with sw in those formulae for the practical calculation. 


31 

















References 


[1] For a review, see for example, H. -P. Nilles, Phys. Rep. CllO, 1 (1984); H. E. Haber 
and G. C. Kane, Phys. Rep. 117, 75 (1985). 

[2] For example, M. Dine, V. Kaplnnovsky, M. Mangano, C. Nappi and N. Seiberg, 
Nncl. Phys. B259, 549 (1985); T. Matsnoka and D. Snematsn, Nncl. Phys. B274, 
106 (1986); Prog. Theor. Phys. 76, 886 (1986). 

[3] J. E. Kim and H. P. Nilles, Phys. Lett. B138, 150 (1984). 

[4] J. E. Kim and H. P. Nilles, Phys. Lett. B263, 79 (1991); E. J. Chnn, J. E. Kim and 
H. P. Nilles, Nncl. Phys. B370, 105 (1992); J. A. Casas and C. Mnhoz, Phys. Lett 
B306, 288 (1993); G. F. Gindice and A. Masiero, Phys. Lett. B206, 480 (1988). 

[5] H. P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. B120, 346 (1983); J.- 
P. Derendinger and C. A. Savoy, Nncl. Phys. B237, 307 (1984); L. E. Ibanez 
and J. Mas, Nncl. Phys. B286, 107 (1987); J. Ellis, J. F. Gnnion, H. E. Haber, 
L. Roszkowski and F. Zwirner, Phys. Rev. D39, 844 (1989). 

[ 6 ] K. Inone, K. Kaknto, H. Komatsn ans S. Takeshita, Prog, theor. Phys. 68, 927 
(1982); L. Alvarez-Ganme, J. Polchinski and M. B. Wise, Nncl. Phys. B221, 495 
(1983). 

[7] D. Snematsn and Y. Yamagishi, Int. J. Mod. Phys. AlO, 4521 (1995). 

[ 8 ] J. Hewett and T. G. Rizzo, Phys. Rep. C183, 193 (1989); T. Matsnoka, H. Mino, 
D. Snematsn and S. Watanabe, Prog. Theor. Phys. 76, 915 (1986); F. Zwirner, Int. 
J. Mod. Phys. A3, 49 (1988). 

[9] For a recent review, see for example, M. Cvetic and P. Langacker, UPR-0761-T, 
|hep-ph/97CT74^ . 

[10] J. D. Lykken, Phys. Rev. D54, 3693 (1996); M. Cvetic and P. Langacker, Phys. Rev. 
D54, 3570 (1996) and Mod. Phys. Lett. IIA, 1247 (1996). 

[11] M. Cvetic, D. A. Demir, J. R. Espinosa, L. Everett and P. Langacker, Phys. Rev. 
D56, 2861 (1997). 


32 





[12] P. Langacker and J. Wang, Piep-ph/980442^ . 

[13] B. Holdom, Phys. Lett. B166, 196 (1986). 

[14] T. Matsuoka and D. Suematsu, Prog. Theor. Phys. 76, 901 (1986). 

[15] K. R. Dienes, C. Kolda and J. March-Russell, Nucl. Phys. B492, 104 (1997). 

[16] F. del Aguila, G. D. Goughian and M. Quiros, Nucl. Phys. B307, 633 (1988). 

[17] B. Holdom, Phys. Lett. B259, 329 (1991). 

[18] K. S. Babu, G. Kolda and J. March-Russell, Phys. Rev. D54, 4635 (1996); Phys. 
Rev. D57, 6788 (1998). 


[19] Y. Umeda, Gi-Ghol Gho, K. Hagiwara, hep-ph/9805447 ; Gi-Ghol Gho, K. Hagiwara 
and Y. Umeda, |hep-ph/9805448| . 

[20] T. G. Rizzo, |Eep-ph/9806397 . 

[21] D. Suematsu, Phys. Lett. B416, 108 (1998); Mod. Phys. Lett. A12, 1709 (1997). 

[22] D. Suematsu, Phys. Rev. D57, 1738 (1998). 

[23] K. Ghoi and J. E. Kim, Phys. Lett. 165B, 71 (1985). 

[24] E. Gremmer, S Ferrara, L. Girardello and A.van Proeyen, Nucl. Phys. B212, 413 
(1983). 


[25] N. Haba, G. Hattori, M. Matsuda, T. Matsuoka and D. Mochinaga, Prog. Theor. 
Phys. 92, 153 (1994); G, Gleaver, M.Gvetic, J. R. Espinosa, L. Everett and P. Lan¬ 
gacker, Phys. Rev. D57, 2701 (1998). 

[26] 1. Antoniadis, G. Bachas and G. Kounnas, Nucl. Phys. B289, 87 (1987); H. Kawai, 
D. Lewellen and S. H. H. Tye, Phys. Rev. Lett. 57, 1832 (1986); Nucl. Phys. B288, 
1 (1987). 


[27] D. Suematsu, Prog. Theor. Phys. 96, 611 (1996). 

[28] P. Langacker, |hep-ph/9805281 . 


33 












[29] D. Suematsu and Y. Yamagishi, Mod. Phys. Lett. AlO, 2923 (1995). 

[30] D. Suematsu, Phys. Lett. B392, 413 (1997). 

[31] F. Abe et ai, CDF Collaboration, Phys. Rev. Lett. 79, 2192 (1997); S. Abachi et ai, 
DO Collaboration, Phys. Lett. B385, 471 (1996). 

[32] For example, M. Cvetic and S. Godfrey, in Proceedings of Electro-weak Symmetry- 
Breaking and beyond the standard model, eds T. Barklow, S. Dawson, H. Haber and 
J. Siegrist (World Scientihc 1995), |hep-ph/9504216| ; K. Maeshima, Proceedings of the 
28th International Conference on High Energy Physics (ICHEP’96), Warsaw, Poland, 
1996; L3 Collaboration, Phys. Lett. B306, 187 (1993); DELPHI Collaboration, Z. 
Physik C65, 603 (1995). 

[33] G. Altarelli, R. Casalbuoni, D. Dominici, F. Feruglio and R. Gatto, Mod. Phys. Lett. 
A5, 495 (1990). 

[34] J.-I. Kamoshita, Y. Okada and M. Tanaka, Phys. Lett. B328, 67 (1994). 

[35] G. Gaso et a/.. Particle Data Group, Eur. Phys. J. C3, 1 (1998). 

[36] M. Drees, Phys. Rev. D35, 2910 (1987). 

[37] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); Phys. Rev. D46, 
381 (1992). 


34 




